Charge density wave (CDW) ordering in the prototypical low-dimensional compound NbSe 3 is reconsidered. It is shown that the model with two incommensurate modulations, q 1 = (0, 0.241, 0) and q 2 = (0.5, 0.260, 0.5), localized on type-III and type-I bi-capped trigonal prismatic columns, does not explain details, revealed by various microscopic methods. An alternative explanation, based on the existence of modulated layered nano-domains below both CDW onset temperatures, is suggested. It accounts for the presence of the q 2 modulation in the STM images recorded above the T 2 CDW transition and for the absence of q 2 satellites in the corresponding diffraction patterns. The long periodic modulation, detected by LT STM, is attributed to a beating between the two CDWs, centered on adjacent columns of the same type. Such pairs of alternatively modulated columns represent the basic modulation units, ordered into nano-domains.
Introduction
Only a relatively small group of one-dimensional (1-D) compounds exhibits charge density wave (CDW) sliding under the application of an external electric field. This group includes in addition to the most thoroughly studied NbSe 3 also its isostructural monoclinic polymorph m-TaS 3 [1] , NbS 3 [2] , (TaSe 4 )I [3] , (NbSe 4 ) 10 I 3 [4] , the ''blue bronzes'' A 0.3 MoO 3 with A = K, Rb, Tl [5] [6] [7] [8] and the organic conductor TTF-TCNQ [9] . It was shown recently [10] that X-ray crystallography breaks down for structures in which order extends over nanometers only. NbSe 3 is a typical example where the extent of order in its modulated structure may be of crucial importance for its physical properties. We thus reconsider in the present work the available experimental evidence, particularly the low-temperature (LT ) scanning tunneling microscopic (STM) results and give a concurrent explanation for the CDW ordering in this compound.
The basic structure
The NbSe 3 room-temperature (RT ) basic structure [11] is reproduced in Fig. 1 . The unit cell contains three types of symmetry-related pairs of bi-capped trigonal prismatic (BCTP) columns. These are formed of Nb chains in Se cages, aligned parallel to the monoclinic b 0 -direction. The inter-column covalent bonding forms corrugated layers parallel to the b 0 -c 0 monoclinic plane, separated by van der Waals (vdW) gaps. Thus, the structure is strongly anisotropic: in addition to the 1-D nature characterized by the BCTP columns, it also shows a pronounced two-dimensional character. Among the three different types of BCTP columns the type-I and type-III ones are similar, with equilateral bases, while the bridging type-II columns appear more regular, with almost isosceles-like bases.
The CDW models
It was argued [12] that two incommensurate (IC) CDWs appear independently at different onset temperatures along two of the three available BCTP columns: q 1 = (0, 0.241, 0) below T 1 = 144 K along type-III and q 2 = (0.5, 0.260, 0.5) below T 2 = 59 K along type-I columns. Such CDW formation and ordering appeared to be in good accord with a variety of experiments performed on NbSe 3 , including nonlinear transport properties [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , electron [28] and X-ray diffraction studies [29] [30] [31] [32] , nuclear magnetic resonance (NMR) [33] [34] [35] and angular resolved photoemission spectroscopy [36, 37] . However, the model seems to be in disaccord with some transmission electron microscopy (TEM) [38] and particularly LT STM observations [39] [40] [41] [42] .
It was alternatively suggested [43] that both IC CDWs are formed simultaneously and statistically along type-I columns below T 1 and in addition along type-III columns below T 2 . Highly anisotropic and unstable layered nano-domains, oriented parallel to the vdW gaps, are supposed to be formed as a result of the CDW Fig. 1 . The structure of NbSe 3 [11] . Red (dark), orange (gray) and yellow (light) balls represent Nb atoms along type-II, type-I and type-III columns and the small violet (dark) balls show Se atoms. Nb coordination in the type-I and type-III columns is indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) ordering. This model is based on two conditions: first, the domains must be sufficiently small to extinguish the q 2 contribution to the diffraction pattern between T 1 and T 2 and second, they must be in proper phase relationships.
The experimental evidence
X-ray and electron diffraction: Diffuse precursor scattering was first reported in electron diffraction patterns of NbSe 3 at temperatures above the q 1 CDW transition [28] . Next, several Xray analyses were performed on both, the q 1 and q 2 satellites. From the line widths of both types of satellites an anisotropy between the correlation lengths ξ b * and ξ a * (i.e. parallel to the chains and perpendicular to the cleavage planes) was found [29] . 0 (at about 6 K above T 1 ), were determined for the q 1 satellites, with a slight variation of q 1 between T 1 and 80 K [30] . Pretransitional structural fluctuations were detected for both, q 1 and q 2 satellites [31] , with a smaller anisotropy for the q 2 satellites (1:3.5:6) as compared to the one of the q 1 satellites (1:4:20) (both ratios given along the perpendicular b 0 , a 0 , and c * 0 directions). Similar intrachain ξ b and interchain ξ a correlation lengths were found for both CDWs a few degrees above the transition temperatures, while the corresponding ξ c * values were at larger variance. Approximate values for the q 2 satellites at 65 K, deduced from [31] , are ξ b ≈ 6.5 nm, ξ a ≈ 2 nm and ξ c * ≈ 1.5 nm. These correlation lengths, particularly those measured perpendicular to the chains, indeed appear short in comparison with the coherence regions, whose estimated sizes extend for synchrotron X-rays radiation to 125 nm [44] and for high-energy electrons in TEM experiments to 380 nm [45] .
In a synchrotron radiation analysis [32] the atomic displacements along the three BCTP columns were found to be in accord with the original Wilson's model. However, if segments of variable lengths along the type-III (below T 1 ) and in addition along the type-I columns (below T 2 ) are allowed to be alternatively modulated by the q 1 and q 2 modes, as suggested in the domain model, the overall contribution to the reciprocal space would appear identical for both models. The same arguments apply also for any high energy electron diffraction experiments. Consequently, both models will not be distinguished on the basis of the diffraction experiments.
NMR: NMR measurements were performed at room temperature (RT ), 77 K (LNT) and 4.2 K (LHeT) on powdered samples and on samples composed of a large number of aligned crystals [33] [34] [35] . The 93 Nb (I = 9/2) spectra recorded at RT with the magnetic field parallel to the crystallographic b 0 direction resolved 27 lines, which clearly corresponded to the three different Nb sites. While one set of lines remained unchanged on cooling, the second became smeared at LNT and the third in addition at LHeT. This is in accord with the original model [12] , where the Nb sites of the type-II columns are not modulated, while the q 1 CDW appears on cooling below T 1 along the type-III and in addition the q 2 CDW below T 2 along the remaining type-I columns. However, NMR does not distinguish the Nb sites with regard to q 1 and q 2 . Thus, the behavior is also in accord with the domain model [43] .
TEM: In addition to high-energy electron diffraction studies [28] , satellite dark field TEM [38] was also performed on NbSe 3 . Elongated strands, in average 20 nm wide and 2000 nm long, crossed by unstable Moiré-like fringes between 8 nm and a few 100 nm wide, were observed in samples cooled to temperatures both above and below T 2 . The strands and fringes exhibited a characteristic ''twinkling'', whose appearance above T 2 could not be explained on basis of the original Wilson's model.
LT STM: The main problem with LT STM images [40] [41] [42] remains their dependence on the tunneling parameters, which influence the detected CDWs. In addition, subsurface effects are often superimposed onto the surface contribution, which complicates the interpretation. Nevertheless, a few important details should be pointed out:
1. Dependent on temperature, all images reveal one (type-III) or two (type-III and type-I) strongly modulated BCTP columns per c 0 periodicity.
2. The intensity of the CDWs depends on the polarity of the applied gap voltage.
3. Adjacent strongly modulated columns are either ordered inphase (in case a single column appears per c 0 ) or out-of-phase (if these appear in pairs).
4. All modulated surface columns show within the well ordered regions the same CDW periodicity.
5. There is always one mode present (either as a strong surface modulation or as a weak subsurface contribution), whose ordering enlarges the lateral periodicity into 2c 0 .
Points 1-3 are in agreement with either of the two models, while 4 and 5 support the domain model, possibly with some modifications. The first LT STM image shown [39] reveals pairs of strongly modulated out-of-phase chains with a 2c 0 lateral periodicity. These pairs can only represent type-III and type-I columns, modulated by the same q 2 CDW. What may appear at variance with the suggested domain model [43] are the remaining single weakly modulated columns. According to their position and intensity they represent subsurface columns, which form pairs with the same type of the adjacent surface columns. Their modulation periodicity appears slightly larger in comparison with the surface columns and can only show in-phase ordered q 1 CDWs. According to their position the adjacent surface-subsurface pairs represent the type-I columns. If so, the remaining nonmodulated chains represent surface type-II columns. Although these details are in accord with the basic supposition of the domain model, i.e. the existence of layered domains with both type-III and type-I columns modulated by either of the two CDWs, they appear in disaccord with the prediction that the same CDWs occupy strongly bonded pairs of columns. Instead, these details rather indicate that the double layers are composed of q 1 and q 2 sublayers.
Discussion
LT STM is of particular importance, because it is basically different from the alternative methods, including high-resolution TEM. Although many approaches are beyond any doubt capable of achieving atomic resolution, STM and other scanning probe microscopies are the only methods where information is not collected statistically over a relatively large sample. STM also has drawbacks; it is a surface sensitive method and the interaction between the scanning tip and the surface may induce changes in the surface. However, the method is certainly capable of revealing details like nano-domains, which might due to their small sizes and averaging within experimental coherence regions be overlooked by other methods. This by no means reduces the importance of the alternative methods, but rather requires a comparison of all results, which should lead to a single acceptable conclusion.
Although the major contribution to the surface density of states in NbSe 3 is supposed to come from the corrugated top Se layer [41] , it should be taken into account that a charge distribution can also be detected over larger distances and may show details located below the surface. Such effects have been observed before in the case of layered transition-metal dichalcogenides [46, 47] . As schematically shown in Fig. 2(a) and in the insets, the observed long-range ordering in NbSe 3 [41] can be explained by beating of two overlapped CDWs. A periodicity of 116b 0 is shown along both columns (58b 0 accommodates 14q 1 and 15q 2 CDW modulation periods [43] ). The first half of the top column is modulated with q 2 and the second half with q 1 , while the column below is modulated in the opposite way. If both overlapped modulations are indeed detected, STM will show the characteristic beating. If in addition the q 2 sections are statistically displaced by half shorter q 1 sections (7q 1 periods extend over 29b 0 only [30] ), as shown in Fig. 2(b) , the close proximity of the two columns would result in a q 1 contribution to the diffraction pattern only [43] . However, the q 2 sections would still be detected by STM.
All details revealed by LT STM, together with the results of the alternative methods, seem to support a partly modified domain model. According to this, the q 1 and q 2 CDW segments are still statistically interchanged along the type-III columns bellow T 1 and in addition along the type-I columns below T 2 . Such a disorder triggers the formation of unstable CDW domains with the characteristic twinkling in the satellite dark field TEM images. Since the type-III pairs of columns form slabs parallel to the a 0 -b 0 plane, a long range CDW ordering takes place on cooling along these slabs first (between T 1 and T 2 ). However, contrary to the original predictions [43] the LT STM results may suggest that the strongly bonded pairs of columns are alternatively modulated by the q 1 and q 2 CDWs. If so, such pairs of columns in fact represent the basic structural elements, which are ordered or disordered on a nanoscale. Consequently, layered domains of modulated BCTP columns are indeed formed parallel to the b 0 -c 0 plane, but are composed of adjacent q 1 and q 2 sublayers, which can easily be interchanged as part of the unstable domain structure.
Conclusions
The details discussed raise questions regarding a number of aspects of the CDW states in NbSe 3 . The origin of the peculiar CDW ordering in NbSe 3 seems to be in its basic structure, composed of symmetry related pairs of BCTP columns.
The suggested explanation seems to be in accord with the available experimental evidence, particularly with the LT STM results [39, 41] , including the recently reported surface dependence of the T 2 transition temperature [42] .
Further experimental and theoretical studies are needed to advance our understanding of the physical reasons for the unique behaviour of CDWs in NbSe 3 .
